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SUMMARY 


The  aerodynamic  characteristics  of  a  general  tilt-wing/propeller  model 
were  investigated  at  the  Princeton  Dynamic  Model  Track  Facility.  The 
experiments  included  test  conditions  corresponding  to  free-stream  ve¬ 
locities  from  slow  backward  flight  through  hovering  and  transition.  Wing 
incidence  angles  ranging  from  30  degrees  (forward  flight)  to  90  degrees 
(hovering  flight)  were  investigated.  The  experimental  data  are  presented 
in  graphs  of  lift,  horizontal  force,  and  pitching  moment  versus  thrust  in 
coefficient  form  based  on  free-stream  velocity. 
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INTRODUCTION 


istics  of  a  model  "ing/propeller^omtf  the  aercdiT:M'ie  character- 

normally  encountered  ?y  a  ^  ln  the  flight  envelope 
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1 


r 


MODEL  AND  APPARATUS 


The  generalized  tilt-wing  model  used  for  the  investigation  is  shown  mounted 
on  a  sting  type  balance  system  in  the  30-by- 30-foot  test  section  of  the 
Princeton  Dynamic  Model  Track  Facility  (Figure  l).  The  wing  is  identical 
to  the  one  tested  by  the  NASA  (Reference  2)  except  that  its  weight  has  been 
greatly  reduced.  The  propellers,  motors,  and  strain  gauge  were  borrowed 
from  the  NASA  and  installed  on  the  Princeton  model.  A  scale  drawing  is 
shown  in  Figure  2  to  display  the  relative  size  of  the  model  and  facility 
test  section  with  regard  to  blockage  and  wall  effects.  The  model  is  shown 
at  a  wing  angle  of  about  90  degrees  in  Figure  2  and  about  50  degrees  in 
the  photograph,  Figure  1.  The  configuration,  pertinent  dimensions,  and 
characteristics  of  the  wing  and  propellers  are  presented  in  Figures  3  and. 

4.  The  systems  of  axes  and  notation  used  in  this  report  are  shown  in 
Figure  5. 

A  l/8-inch  transition  strip  of  number  60  Carborundum  (0.012  mean  grain 
diameter)  was  installed  on  the  wing  leading  edge  of  the  model  at  8  percent 
chord.  The  model  had  two  propellers  and  nacelles  but  no  fuselage.  A 
sting  balance  mount  entry  was  provided  by  a  5-by-2. 7-inch  tunnel  located 
at  mid- span  of  the  wing  from  maximum  thickness  aft  to  the  trailing  edge 
(Figure  3).  The  wing  angle  was  varied  about  a  pitch  center  attachment 
(referenced  to  the  quarter  chord)  on  the  moving  carriage  so  that  no 
variations  of  the  model  pitch  center  with  respect  to  wall  clearance 
occurred.  The  model  was  positioned  in  the  center  of  the  30-by-30-foot 
test  section. 

The  total  forces  and  moments  were  measured  on  a  six-component  internal 
strain  gauge  balance  (NASA-711  strain  gauge).  The  measured  total  forces 
and  moments  were  transferred  from  the  balance  pitch  center  to  the  quarter 
chord  point  of  the  wing.  The  model  motors  were  also  mounted  on  strain 
gauge  beams  to  measure  propeller  thrust  independent  of  the  main  balance. 

All  tests  were  conducted  at  the  Princeton  Dynamic  Model  Track  Facility 
(Reference  l).  This  is  a  unique  facility  designed  for  the  study  of  the 
dynamic  and  static  stability  and  control  of  helicopters  and  V/STOL-type 
configurations  for  the  speed  regime  ranging  from  hover  through  transition. 
Basic  components  of  the  facility  include  a  test  section  building  with  a 
cross  section  of  30  by  30  feet,  an  automated  servo-controlled  powered 
carriage  that  rides  on  a  760- foot-long  track,  a  carriage -model  computer, 
various  model  mounts,  measuring  transducers,  and  data  conditioning  and 
recording  equipment.  The  various  mounts  permit  unique  methods  of 
attaching  the  models  to  the  carriage  so  that  the  classical  longitudinal 
and  lateral/directional  degrees  of  dynamic  motion  may  be  studied.  Also, 
special  mounts  may  be  used  for  transition  experiments,  static  tests,  and 
"ground  effect"  research. 

Although  the  facility  was  designed  primarily  to  conduct  dynamic  testing, 
certain  features  make  it  especially  well  suited  for  the  type  of  static 
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testing  desired  in  this  research  program.  Numerous  static  stability  re¬ 
search  programs  on  V/STOL-type  configurations  for  the  hover  and  transition 
speed  range  have  been  conducted  on  this  apparatus.  This  form  of  testing 
is  similar  to  conventional  wind  tunnel  testing  (though  perhaps  not  as 
efficient)  but  with  the  added  advantages  of  the  large  30-by-30-foot  test 
section,  precise  airspeed  measurement  under  all  flight  conditions,  and  a 
uniform  velocity  profile,  air  flow  condition  free  from  turbulence  (still 
air).  The  benefits  obtained  from  these  controlled  tf  "t  conditions  are 
important  since  they  frequently  make  the  difference  between  useful  and 
questionable  data  for  this  difficult  flight  regime. 

When  this  apparatus  is  used  for  static  testing,  a  variety  o'  different 
programs  may  be  used  to  vary  or  control  test  quantities.  Velocity  may  be 
pre-programmed  to  selected  constant  velocities  or  may  vary  very  slowly 
about  a  trim  condition  for  "quasi-steady"  type  data.  Also,  thrust  (in 
this  case)  may  be  held  constant,  or  it  may  vary  during  a  run.  All  tests 
were  conducted  with  wing  angle  fixed  (approximately  5-degree  increments 
between  30  degrees  and  90  degrees). 


EXPERIMENTAL  DATA 


All  data  are  presented  in  plots  in  coefficient  form  of  lift,  horizontal 
force,  and  pitching  moment  versus  thrust  for  the  various  wing  angles. 
Much  of  the  range  of  coefficients  covered  was  governed  by  Reference  2. 
Within  the  capabilities  of  the  Princeton  Dynamic  Model  Track,  efforts 
were  made  to  duplicate,  dimensionally,  the  test  points  obtained  in 
Reference  2. 


When  a  wing  is  operating  entirely  within  the  slipstream  of  the  propellers, 
large  moments  and  forces  may  be  produced  even  at  the  lower  free-stream 
velocities.  The  facility  can  easily  cover  the  slow- speed  end  of  the 
tests,  but  the  high  speeds  were  limited  to  a  maximum  speed  of  about  45 
feet  per  second.  Since  the  method  of  nondimensiona]  ization  used  for  this 
report  was  selected  to  be  similar  to  Reference  2  (so  that  results  of  these 
data  may  be  compared  to  that  work),  certain  well-known  difficulties  are 
encountered.  Coefficients  based  on  free-stream  dynamic  pressure  approach 
infinity  as  the  free-stream  velocity  tends  toward  zero  and  approach  zero 
as  the  free-stream  velocity  increases  (Figure  6). 

It  is  important  to  note  that  for  these  types  of  tests,  another  form  of 
coefficient  is  generally  calculated  based  on  slipstream  dynamic  pressure 
and  uses  a  variety  of  symbols  such  as  (CTjS  ),  (^  7)  ,  (CL")  (References 
2  and  3).  In  this  report,  the  use  of  automated  printing  equipment 
necessitated  still  another  type  of  symbol  (CT,SS,S),  denoting  that  the 
thrust  coefficient  (CT)  is  based  on  slipstream  dynamic  pressure  (SS)  and 
total  wing  area  (S).  The  different  symbols  all  denote  the  same  quantity, 
and  a  simple  expression  relates  the  free-stream  thrust  coefficient  and 
the  slipstream  thrust  coefficient  (Figure  7). 


CT,SS,  S 


CT, FS, S 
1  +  CT,FS,S 


(1) 


Some  attention  must  be  paid  to  the  characteristic  area  (wing  area  or  pro¬ 
peller  disc  area)  used  in  nondimensionalization.  In  this  report  (as  in 
Reference  2),  wing  area  (S)  was  used  for  the  thrust  coefficients  (instead 
of  propeller  disc  area,  A)  as  well  as  for  the  coefficients  of  lift,  hori¬ 
zontal  force,  and  moment,  so  that  they  would  have  a  common  relationship. 
As  it  happens,  the  total  propeller  disc  area  (6.28  square  feet)  and  the 
total  wing  area  (6.34  square  feet)  are  approximately  equal  (S/2A  w  l),  so 
that  equation  (l)  is  reasonably  accurate.  If  the  areas  are  much  differ¬ 
ent,  equation  (l)  would  include  an  area  ratio  in  the  denominator. 


Thrust  and  free-stream  velocity  were  varied  over  the  widest  ranges  per¬ 
missible  in  this  facility  so  that  the  greatest  coverage  of  coefficients 
would  be  obtained  to  match  the  ranges  covered  in  Reference  2.  Additional 
points  not  covered  in  the  aforementioned  reference  were  also  tested. 
Thrust  coefficients  based  on  slipstream  dynamic  pressure  varied  from  ap¬ 
proximately  0.5  (thrust  equal  to  7  to  8  pounds  at  forward  speeds  of  40 
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to  45  feet  per  second,  wing  angle  equal  to  30  degrees)  to  1.0  (thrust 
equal  to  40  to  50  pounds  at  hovering,  wing  angle  equal  to  90  degrees). 
Attempts  were  made  to  obtain  the  data  about  trim  (horizontal  force  equal 
to  zero)  for  all  wing  angles  tested. 

All  experimental  data  shown  in  this  report  were  taped  in  analog  as  well 
as  digital  form.  Use  was  made  of  an  analog-to-digital  converter  to  re¬ 
cord  the  data  in  standard  IBM  compatible  binary  coded  decimal  form,  and 
the  data  were  reduced  on  IBM  7094  equipment.  Also,  digital  plotting 
routines  and  programs  utilizing  the  IBM  1620  were  used  to  plot  all  data 
graphs . 
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RECOMMENDATIONS 


The  nondimensionalization  used  in  this  report  and  others  is  inconvenient 
for  analysis  of  the  aerodynamic  characteristics  of  these  configurations 
at  slow  speeds  and  high  wing  angles.  Further  considerations  should  be 
given  to  other  methods  of  presenting  these  data  for  transition  and  near 
hovering  flight  cases.  Additional  analyses  of  the  data  should  be  made  to 
separate  the  propeller  and  wing  forces  and  moments  to  gain  further  insight 
into  the  aerodynamic  characteristics  of  a  wing/propeller  combination  at 
slow  speeds  and  high  angles  of  attack. 
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Figure  1.  Model  Installation  in  30-by-30-Foot  Test  Section  of  the  Princeton  Dynamic  Model  Track  Facility 


Systems  of  Axes  and  Notation  Showing  Positive  Direction  of  Forces,  Moments,  and  Angles 
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FREE-STRERM  THRUST  COEFF.  (CT.FS.S) 

Figure  (->.  I ’lot  Showing  7'\1ocity  Trends  on  Coefficients  Based  on  Free-Stream  Dynamic  I’re.esur 


FREE-STRERM  THRUST  COEFFICIENT  (CT.FS.S) 

Figure  7.  Plot  Showing  Relationships  of  Thrust  Coefficient  Based  on 

Free-Stream  Dynamic  Pressure  and  Slipstream  Dynamic  Pressure 
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FREE- STREAM  THRUST  COEFF.  (CT.FS.S) 

RUN  279  TO  282  WING  ANGLE  30  DEG 

Figure  8a.  Propeller -Wing  Data 


RUN  279  TO  282  WING  ANGLE  30  DEG 

Figure  8b.  Propeller-Wing  Data 
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FREE- STREAM  THRUST  COEFF.  (CT.FS.S) 

RUN  279  TO  282  WING  ANGLE  30  DEG 

Figure  8c.  Propeller-Wing  Data 
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FREE-STRERM  THRUST  COEFF.  ICT.FS.S) 

RUN  2?1  TO  278  WING  RNGLE  35  DEG 

Figure  9b.  Propeller-Wing  Data 
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*  5  1.0  1.5  2.0  2.5  3.0  3.5 

FREE-STRERM  THRUST  COEFF.  (CT.FS.S) 

RUN  262  TO  270  WING  RNGLE  40  DEG. 

Figure  10a.  Propeller-Wing  Data 


RUN  262  TO  270  WING  RNGLE  40  DEG 

Figure  10b.  Propeller-Wing  Data 
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FREE-STRERM  THRUST  COEFF.  (CT.FS.S) 

RUN  262  TO  270  WING  RNGLE  HO  DEG. 

Figure  10c.  Propeller-Wing  Data 
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FREE-STREFW  THRUST  COEFF.  (CT.FS.S) 

RUN  150  TO  168  WING  RNGLE  40  DEG 

Figure  lib.  Propeller-Wirg  Data 


FREE-STREflM  THRUST  COEFF.  (CT.FS.S) 

RUN  150  TO  168  WING  RNGLE  40  DEG 

Figure  11c.  Propeller-Wing  Data 


FREE-STRERM  THRUST  COEFF.  (CT.FS.S) 

RUN  137  TO  168  WING  RNGLE  40  DEG 

Figure  12a.  Propeller-Wing  Data 


Figure  13b.  Propeller-Wing  Data 


FREE-STRERM  THRUST  COEFF,  (CT.FS.S) 

RUN  241  TO  259  WING  RNGLE  45  DEG, 

Figure  131-.  Propeller-Wing  Data 
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FREE-STRERM  THRUST  COEFF.  (CT.FS.S) 

RUN  170  TO  176  WING  RNGLE  45  DEG 

Figure  l*a.  Prepeller-Wing  Data 


RUN  170  TO  176  WING  RNGLE 

Figure  lub.  Propeller-Wing  Data 
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FREE-STRERM  THRUST  COEFF.  CCT.FS.8) 

RUN  170  TO  176  WING  RNGLE  45  DEG. 

Figure  14c.  Propeller-Wing  Data 


FREE-STRERM  THRUST  COEFF.  (CT.FS.S) 

RUN  226  TO  240  WING  RNGLE  50  DEG 

Figure  15a.  Propeller-Wing  Data 


RUN  226  TO  240  WING  RNGLE  50  DEG 

Figure  15c.  Propeller-Wing  Data 
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FREE-STREAM  THRUST  COEFF.  (CT.FS.S) 

RUN  11H  TO  136  WING  ANGLE  50  DEG 

Figure  l6b.  Propeller-Wing  Data 


RUN  114  TO  136  WING  RNGLE  50  DEG 

Figure  l‘;c .  Propeller-Wing  Data 
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RUN  111  TO  113  WING  RNGLE  50  DEG 

Figure  17a.  Prcpeller-Wing  Data 
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FREE- STREAM  THRUST  COEFF.  (CT.FS.S) 

RUN  177  TO  193  WING  RNGLE  55  DEG 

Figure  18a.  Propeller-Wing  Data 
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RUN  17?  TO  103  WING  RNGLE  55  DEG 

Figure  l8b.  Propeller-Wing  Data 


FREE- STREAM  THRUST  COEFF,  (CT.FS.S) 

RUN  177  TO  193  NING  ANGLE  55  DEG 

Figure  l8c.  Propeller-Wing  Data 
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WING  RNGLE  60  DEG 
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100  200  300  400  500  000  700 

FREE-STRERM  THRUST  COEFF.  (CT.FS.S) 

RUN  87  TO  90  UIING  RNGLE  60  DEG. 

Figure  20b.  Propeller-Wing  Data 
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FREE-STRERM  THRUST  COEFF.  (CT.FS.S) 

RUN  194  TO  209  WINS  RNGLE  65  DEG 

Figure  21a.  Propeller-Wing  Data 


FREE-STRERN  THRUST  COEFF.  (CT.FS.S) 

RUN  194  TO  209  WING  RN6LE  65  DEG 

Figure  21b.  Propeller -Wing  Data 
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60 


FREE-STREAM  THRUST  COEFF.  (CT,FS,S) 

RUN  210  TO  214  WING  ANGLE  70  DEG 

Figure  23a.  Propeller-Wing  Data 


RUN  210  TO  214  WING  ANGLE  70  DEG 

Figure  23c.  Propeller -Wing  Data 
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200  HOG  600  800  1000  1200  14i 

FREE- STREAM  THRUST  COEFF,  (CT.FS.S) 

RUN  83  TO  80  WING  ANGLE  70  DEG 

Figure  2ha..  Propeller-Wing  Data 


250 


• 

• 

•  • 

• 

• 

•  « 

• 

^  • 

' * 

•  1 

Sk. 

\ 

o 

o 

Cl 


o 

in 


a 

o 


a 

in  o 


o 


(S  *Sd  *X3)  (QMd+)  ’ddBOO  33d0d  “lUlNOZIHOH 


64 


200  400  600  800  1000  1200  1400 

FREE- STREAM  THRUST  COEFF,  (CT#FS,S) 

RUN  83  TO  86  MING  ANGLE  70  DEG, 

Figure  24b.  Propeller-Wing  Data 
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200  400  600  800  1000  1200  1400 

FREE-STRERM  THRUST  COEFF.  (CT.FS.S) 

RUN  37  TO  40  MING  RNGLE  80  DEG, 

Figure  2-  a.  Fl-epeller-Wj ug  L'ata 
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200  400  600  800  1000  1200  1400 

FREE -STREAM  THRUST  COEFF.  (CT.FS.S) 

RUN  9  TO  13  WING  ANGLE  90  DEG. 

Figure  28a.  Propeller-Wing  Data 
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